Atherosclerosis remains one of the most common causes of death in the United States and throughout the world because of the lack of early detection. Macrophage apoptosis is a major contributor to the instability of atherosclerotic lesions. Development of an apoptosis targeted high-density lipoprotein (HDL)-mimicking nanoparticle (NP) to carry contrast agents for early detection of vulnerable plaques and the initiation of preventative therapies that exploit the vascular protective effects of HDL can be attractive for atherosclerosis. Here, we report the construction of a synthetic, biodegradable HDL-NP platform for detection of vulnerable plaques by targeting the collapse of mitochondrial membrane potential that occurs during apoptosis. This HDL mimic contains a core of biodegradable poly(lactic-co-glycolic acid), cholesteryl oleate, and a phospholipid bilayer coat that is decorated with triphenylphosphonium (TPP) cations for detection of mitochondrial membrane potential collapse. The lipid layer provides the surface for adsorption of apolipoprotein (apo) A-I mimetic 4F peptide, and the core contains diagnostically active quantum dots (QDs) for optical imaging. In vitro uptake, detection of apoptosis, and cholesterol binding studies indicated promising detection ability and therapeutic potential of TPP-HDL-apoA-I-QD NPs. In vitro studies indicated the potential of these NPs in reverse cholesterol transport. In vivo biodistribution and pharmacokinetics indicated favorable tissue distribution, controlled pharmacokinetic parameters, and significant triglyceride reduction for i.v.-injected TPP-HDL-apoA-I-QD NPs in rats. These HDL NPs demonstrate excellent biocompatibility, stability, nontoxic, and nonimmunogenic properties, which prove to be promising for future translation in early plaque diagnosis and might find applications to prevent vulnerable plaque progression.
D
espite advances in both primary and secondary prevention, atherosclerosis (1) remains one of the leading causes of morbidity and mortality in the Western world because of the lack of early detection and targeted therapy. In general, atherosclerosis is a result of excess cholesterol circulating in the bloodstream. At the cellular level, atherosclerotic plaque formation is caused by cholesterol consumption and foam cell formation by macrophages situated within the intimal layers of the arteries (2) . The term "vulnerable plaque" designates a plaque at high risk of disruption leading to thrombosis. Identification of vulnerable plaques before the thrombus formation is essential to enable the development of treatment modalities. One intriguing possibility for the development of image-guided therapies of coronary heart diseases (CHDs) is through high-density lipoproteins (HDLs), because of its function in the reverse cholesterol transport (RCT) pathway (3, 4) . Along with apolipoprotein (apo) E, which promotes cholesterol efflux from foam cells, apoA-I-containing HDL facilitate the transport of cholesterol from lesions. Development of targeted HDL nanoparticles (NPs) to carry contrast agents for early detection of vulnerable plaques (5) and the initiation of preventative therapies that exploit the vascular protective effects of HDL could reduce the morbidity and mortality of thromboembolism (6) . It is hypothesized that apoptosis of macrophages and of smooth muscle cells (SMCs) play an important role in plaque rupture (7) . A unique approach for the noninvasive detection of apoptosis in SMCs and macrophages could be developed by targeting the collapse of the mitochondrial membrane potential (ΔΨ m ), a hallmark of the initiating phase of apoptosis (8) . Thus, a completely synthetic biodegradable ΔΨ m targeting HDL mimicking NP containing contrast agents could be of enormous benefits to patients with CHD. Surprisingly, all of the reports on using HDL NPs for imaging atherosclerosis are based on reconstituted HDL (rHDL) (9-11) (SI Appendix, Table S1 ). Particles based on rHDL use lipoproteins and apoA-I extracted from human plasma. A potential problem in using rHDL NPs includes batch-to-batch variability when lipoproteins are isolated from donor plasma and scale-up challenges. A completely synthetic targeted HDLmimicking NP platform that can navigate through the interstitial space protecting its contrast agent to the mitochondria of apoptotic macrophages in vulnerable plaque would result in potential early detection of atherosclerotic plaques.
There are a handful of HDL-mimicking liposomes and metalbased carriers for targeted delivery of siRNA, therapeutics, or contrast agents for cancer therapy (12-16) (SI Appendix, Table  S1 ). However, no example thus far demonstrates the use of the Food and Drug Administration (FDA)-approved biodegradable poly(lactic-co-glycolic acid) (PLGA)-based synthetic HDL NPs. In this report, we present a proof-of-concept demonstration of such a technology. We developed a fluorescent HDL-mimicking polymer lipid NP platform ( Fig. 1) consisting of a HDL resembling hydrophobic core of PLGA and cholesteryl oleate (CO). The polymer-cholesterol matrix incorporated diagnostically active quantum dot (QD)-conjugated polymer PLGA-block (b)-polyethylene glycol (PEG), PLGA-b-PEG-QD for optical imaging. This core is surrounded by a 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-PEG-COOH lipid layer embedded with cholesterol and apoA-I mimetic 4F peptide with a FAE-KFKEAVKDYFAKFWD sequence (13) , and a triphenyl phosphonium (TPP) cation containing stearyl-TPP ligand for targeting the collapse of Δψ m during apoptotic events. Lipophilic TPP cations are known to accumulate several hundredfold by mitochondria within cells and can be used to direct a range of probe or therapeutic molecules to the mitochondria (17) . Here, we report our preliminary results demonstrating the ability to construct such a biodegradable HDL mimic, in vitro and in vivo execution of this platform for detection, and therapy of vulnerable plaques.
of HDL. A HDL-mimicking hybrid NP with a cholesterol and PLGA core was synthesized via self-assembly of PLGA, PLGAb-PEG-QD, CO, cationic stearyl-TPP (SI Appendix, Fig. S1-S3 ), DSPE-PEG-COOH, and apoA-I mimetic peptide through a twostep modified nanoprecipitation method (SI Appendix, Fig. S4 ). For the nontargeted NPs, polyvinyl alcohol (PVA) was used instead of stearyl-TPP. Dynamic light scattering (DLS) measurements revealed the size of the mitochondria-targeted NPs, TPP-HDL-apoA-I-QD NPs to be ∼123 ± 3 nm and are monodispersed ( Fig. 2 and SI Appendix, Fig. S5 and Table S2 ). This small size of the targeted NPs will facilitate extravasation in areas with enhanced endothelial permeability, such as atherosclerotic lesions. The size of nontargeted HDL-apoA-I-QD NPs by DLS was found to be ∼191 ± 7 nm. The hydrodynamic radius of the targeted NPs determined by DLS agrees with the transmission electron microscopy (TEM) results; however, for the nontargeted NPs, the hydrodynamic radius determined by DLS is almost twice the TEM size. We believe that this difference is due to the size variation of the lipid layers between targeted and nontargeted NPs and the location of the QDs within the core. The stearyl TPP in the targeted NPs has a molecular weight of ∼500, whereas PVA in the nontargeted NPs has an average molecular weight range of 10,000-26,000. The QDs are located at the interface between the core and lipid layer. Therefore, by the unstained TEM images as reported here, the particles appear to be of same size for the targeted NPs. For the nontargeted NPs, DLS takes into account the larger lipid layer rendering them bigger compared with TEM size. Zeta potential measurements showed that the mitochondria targeted NPs are highly positively charged (∼39 mV) ( Fig. 2 and SI Appendix, Fig. S6 and Table  S2 ). Our recent study indicated that a NP size of <160 nm and zeta potential of ∼30 mV is an optimized formulation for mitochondria targeting (18) . The nontargeted NP surface is negatively charged (∼−28 mV). Composition analysis of the targeted NPs by inductively coupled plasma mass spectrometry (ICP-MS) for QD indicated 70% QD encapsulation efficiency (EE) and the nontargeted NPs showed moderately higher EE of ∼83% (SI Appendix, Table S3 ). A major challenge of atherosclerosis imaging is the design of imaging probes to achieve sufficient targetto-background levels for visualization and high loading of the contrast agent to boost the signal at the target. A high QD incorporation as observed in our NPs might face less challenge when executed in vivo. Spectroscopic analysis of targeted and nontargeted NPs for quantification of apoA-I by examining tryptophan absorbance at 280 nm showed that the percent loading varies between 1.7 and 2%. Cholesterol analysis of NPs using Amplex Red assay demonstrated ∼58% cholesterol loading (SI Appendix, Table S3 ). An interesting observation was that cholesterol and apoA-I loadings do not change significantly with formulation that might be indicative that this synthetic HDL tries to attain a specific cholesteryl ester (CE):apoA-I ratio (SI Appendix, Table S3 ) as seen in native HDL particles (19) .
Stability, Toxicity, and Immunogenic Properties of HDL-Mimicking NPs. In addition to the size, charge, and contrast agent loading, serum stability and immunological effects of these unique NPs are expected to affect the in vivo biodistribution (bioD), pharmacokinetic (PK) parameters, and overall utility of this system. In vitro serum stability of the NPs was investigated by storing a 2.5 mg/mL NP suspension in 10% (vol/vol) fetal bovine serum (FBS)-Dulbecco's modified Eagle medium (DMEM) at 4°C, room temperature (RT), and 37°C and monitoring the changes in particle size and surface charge. Serum proteins showed no significant effect on the size, polydispersity index (PDI), and surface charge of the targeted NPs over a period of 7 d at all three temperatures (SI Appendix, Fig.  S7 ). These results are indicative of an excellent stability of the targeted NPs under biologically relevant conditions. For in vivo studies, especially when positively charged NPs are injected at multiple time points, the potential exists for an immunogenic reaction that could adversely affect the binding of the NPs to the intended target or, even worse, be unsafe. We focused on macrophageassociated immune responses from the targeted and nontargeted HDL NPs by measuring the production of cytokines interleukin 6 (IL-6) and tumor necrosis factor α (TNF-α) by using an enzymelinked immunosorbent assay (ELISA). Lipopolysaccharide (LPS) was used as a positive control. Incubation of Raschke, Ralph, Watson (RAW) 264.7 macrophages with targeted and nontargeted HDL NPs (0.5 mg/mL) did not show secretion of IL-6 and TNF-α (Fig. 2B ). After seeing that these NPs have no proinflammatory effect on naïve macrophages, the ability of the targeted and nontargeted NPs to modulate cytokine production in LPS-activated RAW macrophages was assessed. When exposed to an optimal concentration of LPS (100 ng/mL) for 24 h, macrophages produce enhanced amounts of IL-6 and TNF-α (SI Appendix, Fig. S8 ). Treatment of these LPS-activated macrophages with targeted or nontargeted NPs (0.5 mg/mL with respect to total NP) for 12 h did not show any additional amounts of IL-6 and TNF-α; a slight decreased production of both the cytokines was observed in the presence of these NPs (SI Appendix, Fig. S8 ). This observation further confirms that these NPs have no effect on naïve and M1-polarized macrophages. Targeted and nontargeted HDL-NP-induced cytotoxicity was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in RAW macrophages and primary human mesenchymal stem cells (MSCs). MSCs represent an interesting target cell type regarding nanotoxicology and especially nanogenotoxicology because they actively proliferate and repeatedly expand in contrast to other primary cells, although they are not immortalized. Directly following 72 h incubation with NPs at various concentrations showed no particle-related cytotoxicity and morphological transformation even at 50 mg/mL concentration compared with that of untreated cells (Fig. 2B ). The use of biodegradable components in this HDL-mimicking NPs resulted in a biocompatible, nontoxic, and nonimmunogenic formulation.
In Vitro Cholesterol Binding Properties. A fluorescent sterol, NBD cholesterol or 22-(N-(7-nitrobenz-2-oxa-1,3-diazo-4-yl)-amino)-23,24-bisnor-5-cholen-3β-ol was used to examine the HDLmimicking NP-mediated cholesterol uptake to explore the therapeutic potential. The weak fluorescence of NBD cholesterol in polar environment was enhanced by the presence of nonpolar TPP-HDL-apoA-I-NP matrix (Fig. 2C ). Similar formulation without any apoA-I, TPP-HDL NPs, did not show any cholesterol binding. Control polymer lipid hybrid NPs prepared from PLGA-COOH, DSPE-PEG-COOH, and stearyl-TPP; PLGA-DSPE NPs, which lack HDL-apoA-I mimicking core, did not show cholesterol binding properties. We also explored time and temperature-dependent cholesterol binding abilities of the targeted NPs. Storage of targeted NPs at 4°C, RT, and 37°C in 10% FBS-DMEM and examination of NBD-cholesterol binding for 7-d at all three temperatures indicated enhanced cholesterol binding with the NPs that were kept at RT or at 37°C compared with those at 4°C (SI Appendix, Fig. S9 ). We think this is due to increased NP swelling at higher temperatures. A decreased cholesterol-binding trend with time indicates biodegradable nature of these NPs. These preliminary experiments are indicative that cholesterol can bind to TPP-HDL-apoA-I NPs for potential participation in the RCT pathway.
Δψ m -Targeted TPP-HDL-apoA-I-QD NPs Located in the Mitochondria.
Significant cell association and mitochondrial internalization of the targeted TPP-HDL-apoA-I-QD NPs by healthy RAW 264.7 was noted (Fig. 3A) . Only limited nonspecific cytosolic uptake was observed for the nontargeted HDL-apoA-I-QD NPs (Fig.  3A) . To find out whether the uptake of the targeted NPs is a Δψ m -driven process, studies were performed in the presence of a mild uncoupler carbonylcyanide-p-(trifluoromethoxy)phenylhydrazone (FCCP) (Fig. 3B) . Uptake of TPP-HDL-apoA-I-QD NPs were completely blocked by the presence of FCCP, which abolishes the Δψ m of the inner mitochondrial membrane (IMM), as shown by in vivo imaging system (IVIS) analyses of the mitochondrial and cytosolic fractions of the NP-treated cells in the absence or presence of the uncoupler FCCP (Fig. 3B) . The mitochondrial uncoupler FCCP had no effect on the uptake profile of nontargeted NPs (SI Appendix, Fig. S10 ). These observations were further confirmed by determining the QD content of the mitochondrial and cytosolic fractions of the FCCP-treated macrophages, which showed no significant accumulation of the targeted NPs in the mitochondria of Δψ m -blocked macrophages. Taken together, these data support our claim that the TPP-HDLapoA-I NPs takes advantage of the substantial negative Δψ m maintained across the IMM at crossing the hydrophobic membranes and preferentially associate with the mitochondrial network. To further determine the localization of the targeted HDL-apoA-I NPs within these organelles, targeted NP-treated RAW macrophage mitochondrial fractions were lysed and further fractionated into outer mitochondrial membrane (OMM), IMM, innermembrane space, and mitochondrial matrix. These fractions were examined by IVIS analyses and ICP-MS (Fig. 3C) .
Within the mitochondria, TPP-HDL-apoA-I-QD NPs were localized mainly in the mitochondrial matrix and the innermembrane space as demonstrated by IVIS analyses (Fig. 3C ). This observation was further supported by quantitative ICP-MS of targeted NP-treated mitochondrial subfractions. Cadmium (Cd) quantification of mitochondrial compartments demonstrated that targeted NPs were mainly found in the mitochondrial matrix (22.7 ± 0.9%) and the innermembrane space (12.6 ± 0.4%); only trace amounts of these NPs were detected in the IMM (2.3 ± 0.1%) or the OMM (0.1 ± 0.04%). In our study, isolation of mitochondrial compartments and analyses using IVIS and ICP-MS provided us concrete evidence that our targeted HDL NPs reside inside the mitochondrial matrix. Our data also suggest that these targeted NPs are imported to the matrix by an Δψ mmediated mechanism that is active only in healthy cells with active mitochondria. These targeted NPs will take the advantage of collapse of Δψ m during apoptotic events of macrophages for selective detection of vulnerable plaques.
Apoptosis Sensing in Macrophages. Apoptosis-sensing ability of this platform was investigated in apoptotic RAW macrophages by fluorescence microscopy, flow cytometry, IVIS, and ICP-MS analyses.
The permanent collapse of the Δψ m plays a key role in apoptosis. Because of its apparent simplicity, we carried out a qualitative fluorescence imaging of Δψ m collapse for monitoring apoptotic event by using macrophages. During apoptosis, changes in the Δψ m occur because of the opening of the mitochondrial permeability transition pore. The electrochemical proton gradient across the IMM in viable cells favors inward movement of TPP-HDL-apoA-I-QD NPs into the mitochondrial matrix (Fig. 3) . Apoptotic macrophages treated with this NP showed a significant decrease in NP accumulation due to the lost gradient early on induction of apoptosis (Fig. 4A ) compared with the healthy cells. Therefore, these NPs manifest signal reduction on induction of the macrophage death process, in contrast to the nontargeted NPs, which do not show any significant difference between viable and apoptotic cells (Fig. 4A) .
Qualitative detection of apoptotic macrophages using our targeted NPs was further supported quantitatively by carrying out flow cytometry. Annexin V, which is used for noninvasive apoptosis detection in myocardial infarction and inflammatory myocardial diseases (20) , was used as a control. By using a low concentration of TPP-HDL-apoA-I-QD NPs, significant detection of apoptotic macrophages was observed (Fig. 4B ) that was comparable to annexin V (SI Appendix, Fig. S11 ). In the flow cytometric profiles, apoptotic cells were recognized by the targeted NPs on the basis of well-established light scattering characteristics. The electrochemical proton gradient across the IMM in viable cells favors association of the targeted NPs with the mitochondria. This gradient is lost with an overall reduction in the concentration of the targeted NPs in the apoptotic cells (Fig.  4B) . Nontargeted NPs, in contrast, did not exhibit resolution between apoptotic and nonapoptotic cells (Fig. 4B) . Thus, these data support the hypothesis that mitochondrial demise step can be used as an indicator by the targeted HDL NPs to differentiate between vulnerable and stable plaques.
To confirm the apoptosis-sensing property further, we fractionated the NP-treated apoptotic and healthy cells to mitochondrial and cytosolic fractions and conducted IVIS (Fig. 4C) . We expected in the healthy cells with respiration-active mitochondria that the targeted TPP-HDL-apoA-I-QD NPs will localize in the mitochondria, whereas the nontargeted NPs will accumulate in the cytosols. In apoptotic cells, upon collapse of Δψ m , the targeted NPs will get expelled out to the cytosols with an overall reduced uptake. Upon apoptosis, we observed loss of fluorescence in the mitochondrial fractions with the targeted TPP-HDL-apoA-I-QD NPs, whereas, the nontargeted NPs did not show any difference between healthy and apoptotic cells (Fig. 4C) . Quantifying Cd by ICP-MS in the mitochondrial and cytosolic fractions further supported that the targeted HDL NPs have the superior ability to sense apoptosis in macrophages (Fig. 4C) . Compared with the transient nature of PS externalization used by labeled annexin V to detect apoptosis associated with unstable human carotid plaques (21) , loss of Δψ m used by our targeted NPs is an ongoing process (22) and, hence, allows detection not limited to a specific time window. The potential toxic effects of QDs should be considered for possible in vivo translation of this technology (23) . However, we want to emphasize that the biodegradable polymer-conjugated PLGA-b-PEGQDs as used in our studies can be better suited for in vivo studies. For polymer-conjugated QDs, chemical and enzymatic degradation of the QD core will be less compared with the traditional QDs. Polymer-conjugated QDs embedded in the NP core will have the potential to show in vivo clearance by slow infiltration and excretion. With QD toxicity issues and the limitations of optical imaging in the clinic, we think that this highly sensitive HDL-based NP could provide a platform for preclinical drug screening and therapy monitoring. In the future, scientists should use a complementary magnetic resonance imaging (MRI) by incorporating iron oxide for in vivo imaging and use ex vivo QD imaging to complement the MRI results.
BioD and PK of Targeted TPP-HDL-apoA-I NPs. Favorable BioD, excretion, and PK properties are important for a newly developed NP platform for its in vivo application. To determine the PK, bioD, and excretion profiles, we injected TPP-HDL-apoA-I-QD NPs into Sprague-Dawley rats by a single dose i.v. injection; blood samples at predetermined time points up to 24 h after injection, organs after 24 h, and cumulative urine and feces over 24 h were collected. Analyses of the plasma samples for Cd by ICP-MS and calculation of PK parameters by a two-compartment i.v. input model revealed a plasma elimination half life (t 1/2 ) from the central compartment of ∼36 min ( Fig. 5 and Table 1 ). This initial phase is followed by a slower decline, a very high t 1/2 value in the periphery compartment of ∼72 h was observed (Table 1) . Such a slow clearance of this engineered NP indicates that this platform has the potential to serve as an excellent delivery system. The total body clearance (C L ) of the targeted HDL-mimicking NPs was 0.03 mL/h. The longer terminal phase t 1/2 and a smaller C L of the targeted NPs indicate that the engineered HDL-mimicking NPs could stay in the body for a longer period (Table 1) . Based on the very high area under curve (AUC) of 47,196 ng/mL and peak plasma concentration (C max ) of 3,676 ng/mL produced by the HDL-mimicking NPs indicate that these NPs are delivered into the bloodstream very effectively ( Table 1 ). The extraordinary PK properties of our HDL NPs mimic various attractive features of native HDL such as long circulation, t 1/2 ranging from 10 to 12 h in rodents and 5 d in humans due to the presence of unique combination of apoA-I, lipid, and favorable surface properties (24) . A smaller volume of distribution (V d ) was observed in the rats receiving the targeted NPs (Table 1) . It is possible that upon i.v. administration these NPs, because of their unique composition, may hinder the distribution in the body or rapid conversion to metabolites. The excretion profiles for the HDL mimicking NPs via urine and feces were studied by measuring Cd levels from QDs (Fig.  5) . At 24 h after injection, cumulative NPs recovered in urine and feces represented only 0.009% and 0.013% of the administered dose, respectively (Fig. 5) .
The concentration of the targeted HDL-mimicking NPs was monitored in major tissues, including spleen, liver, lungs, brain, heart, kidneys, and testes at 24 h after dose (Fig. 5) . The total recovery in organs accounted for ∼4.8% of the dose administered with the highest accumulation in the heart (Fig. 5) . Quantitative ICP-MS results indicated that 1.5% of the injected dose of our engineered NPs was distributed in the heart after 24 h. In general, positively charged NPs accumulate in the liver and the spleen because of the positive zeta potential, which favors uptake by phagocytic cells of the reticuloendothelial system mainly present in these organs. The targeted HDL-mimicking NPs despite positively charged surface showed a very high heart-to-liver ratio of 29 and a moderate heart-to-spleen ratio of ∼1.5 (Fig. 5) . The targeted NPs also showed a high heart-to-kidney ratio of ∼3. The absence of TPP-HDL-apoA-I-QD NPs in the lungs as indicated by the high heart-to-lung ratio of ∼3.5 reflects a satisfactory colloidal stability of these NPs despite the presence of negatively charged serum proteins, which are well known for inducing the agglomeration of positively charged NPs. Such a colloidal stability can probably be originated because of the steric hindrance caused by the TPP moieties on the surface of the NPs. We believe that NP distribution in the heart is due to high NP concentration (57% of the injected dose) in the circulatory system, which increases the possibility that the NPs accumulate in the heart. Significant accumulation of the targeted HDL-mimicking NPs in the heart indicates that these NPs have the potential for further development for imaging and therapy of CHD.
In Vivo Lipid Dynamics by TPP-HDL-apoA-I NPs. Studies have shown an inverse correlation between plasma HDL concentrations and atherosclerotic cardiovascular risk (25) . HDL and apoA-I play key roles in RCT from atherosclerotic plaques to the liver. Cholesterol in the nascent discoidal HDL is esterified by lecithincholesterol acyltransferase to form cholesteryl esters, which occupies the core of HDL, thus producing a steady gradient of free cholesterol and enabling HDL to accept cholesterol from various donors. We speculated that the HDL-mimicking NPs with a CE core would be able to mimic the RCT action of natural HDL. In our study, targeted TPP-HDL-apoA-I-QD NPs significantly reduced the serum total cholesterol and triglyceride compared with the saline control (Fig. 5 D and E) . TPP-HDLapoA-I-QD NPs in low dose (80 μg·kg −1 with respect to QD, 10 mg·kg −1 with respect to total NP) for 24 h tended to decrease total cholesterol levels by 30% (P < 0.0001) (Fig. 5D ) and triglyceride levels by 24% (P < 0.0001) (Fig. 5E ) compared with the saline group. These effects are likely to be related to the binding of cholesterol to TPP-HDL-apoA-I NPs as seen in our in vitro cholesterol-binding experiments (Fig. 2C) . It is important to note that these data demonstrate potential utility of this engineered HDL-mimicking NP as a therapeutic platform for atherosclerosis. Given the simplicity of the system, biodegradability, and the scope of easy manipulation, this platform has the potential for further development to improve the lipid profile for dyslipidemic patients. Least-square fit to model.
. AUC, area under curve; C max , Peak plasma concentration; C L , total body clearance; t 1/2 , plasma half-life; V d , volume of distribution. *Model used to extrapolate concentrations at t = 0.
A proof-of-concept demonstration of a biodegradable polymer lipid hybrid synthetic HDL-mimicking NP was established for imaging and therapy of vulnerable plaques. We demonstrated that the mitochondria-targeted NPs can sense apoptosis with high resolution over the nontargeted NPs. These NPs closely mimic endogenous HDL in cholesterol-binding properties. In addition, we observed the avid uptake of the targeted HDL NPs by the mitochondria of macrophages. In vivo applicability of the targeted-HDL NPs for imaging and therapy of atherosclerosis was demonstrated by establishing that this system is nontoxic, shows promising PK parameters and favorable bioD, and has the ability to reduce lipid levels. Understanding of this biodegradable HDL-NP mimic could lead to the development of candidates that can detect vulnerable plaque early and enhance atheroprotection by increasing levels of HDL and/or enhancing its functionality. Although additional studies should address the applicability of this platform for imaging and therapy of CHD, this proof-of-concept study demonstrates the feasibility, flexibility, and ease with which the composition of this platform can be manipulated or modified to make them well suited for the creation of artificial HDL-based biodegradable NPs for imaging and therapy of atherosclerosis.
Materials and Methods
Materials. Description of materials can be found in SI Appendix. Synthesis of HDL-Mimicking NPs. Targeted hybrid NPs were prepared via selfassembly of PLGA, PLGA-b-PEG-QD, CO, stearyl-TPP, DSPE-PEG-COOH, and apoA-I mimetic 4F peptide through a modified nanoprecipitation method as described in SI Appendix, Fig. S4 . NP size (diameter, nanometers), PDI, and surface charge (zeta potential, millivolts) were obtained from three independent measurements with a Zetasizer Nano-ZS DLS detector (SI Appendix, Figs. S5 and S6). QD loading in the NPs was quantified by ICP-MS, and apoA-I loading was determined by following tryptophan absorbance at 280 nm. The amount of cholesterol was determined by an AmplexRed assay. Reproducibility of construction of targeted and nontargeted HDL-mimicking NPs was confirmed by multiple independent nanoprecipitation experiments (SI Appendix, Table S2 ).
Cholesterol-Binding Experiments. Cholesterol binding to TPP-HDL-apoA-I NPs, TPP-HDL NPs, and TPP-PLGA-DSPE NPs was performed by using procedures described in SI Appendix.
Imaging Intracellular Fractions of Apoptotic and Healthy Cells by IVIS. Targeted or nontargeted NP-treated intracellular fractions of RAW macrophages were isolated by using procedures described in SI Appendix. The mitochondrial and cytosolic fractions were imaged.
Mitochondrial Subfractionation. TPP-HDL-apoA-I-QD NPs (0.5 mg/mL) were internalized in RAW 264.7 macrophages for 12 h. The mitochondria and the cytosol were isolated by using a mitochondria isolation kit for mammalian cells, and the fractions were further subfractionated by using a modified literature reported protocol as described in SI Appendix (26) .
BioD and PK Studies. BioD and PK of TPP-HDL-apoA-I-QD NPs were determined by using male Sprague-Dawley rats. Details about bioD-PK study used can be found in SI Appendix.
Blood Plasma Cholesterol and Triglyceride Quantification. Cholesterol and triglyceride contents in blood plasma were quantified by AmplexRed and AdipoRed assays, respectively as described in SI Appendix.
Statistics. Statistical analyses were performed by using GraphPad Prism software version 5.00 (GraphPad Software). Comparisons between two values were performed by using an unpaired Student t test. A one-way ANOVA with a post hoc Tukey test was used to identify significant differences among the groups.
